gested that autosomal CDYL gave rise to CDY by retroposition in the stem lineage of simian primates and that CDYL and CDY have since undergone functional partitioning of housekeeping and testis-specific functions. Later, by examining CDYL and its early autosomal duplicate CDYL2, Dorus et al. (2003) pushed the origin of CDY back before the Eutherian radiation. Regarding other gene families, it was hypothesized that retroposition resulted in HSFY (Tessari et al. 2004 ) and transposition resulted in DAZ (Saxena et al. 1996; Lahn and Page 1999a) , RBMY (Chai et al. 1998; Elliott et al. 2000) , and TSPY (Lahn and Page 1999a) . However, another group proposed the proto-X/Y pair origin of RBMY (Delbridge et al. 1998 (Delbridge et al. , 1999 Lingenfelter et al. 2001) and TSPY (Delbridge et al. 2004) .
The ampliconic gene families are expressed predominantly or exclusively in testes , and six of them are found only in primates. It is therefore tempting to ask where they came from and how their origin affected the function on the primate Y chromosome. It is also interesting to examine the evolutionary relationships between ampliconic genes and surrounding ampliconic regions per se (Kuroda-Kawaguchi et al. 2001; Rozen et al. 2003; Skaletsky et al. 2003) . The purpose of this paper is twofold. First, we study the origin of ampliconic genes based on currently available genome sequence data. We show that XKRY, VCY, and HSFY originated from proto-X/Y gene pairs in addition to RBMY and TSPY. We examine whether the divergence times of these five genes from the X-linked homologs agree with the stepwise differentiation pattern of the Eutherian sex chromosomes, as the evolutionary stratum hypothesis can predict (Lahn and Page 1999b) . Second, as a gene family usually scatters multiple copies within and between different ampliconic regions, we study the evolutionary relationships among copies in light of their ampliconic locations. We pay special attention to low sequence similarity among copies that are located in different arm positions within a palindrome as well as high sequence similarity among copies that are located in different palindromes. We extend this analysis to the entire region of the 2.9-Mb palindrome P1 and demonstrate massive sequence transfers with autosomal repeat units and other Y-chromosomal palindromes.
Results

Gametologs, orthologs, and amplicons
In searching for origins of the ampliconic genes, it is essential to include X-linked and autosomal homologs or more precisely gametologs, if present in the genome, as well as their orthologs in critical phylogenetic positions. Despite the fact, by definition, that the ampliconic genes are located outside the X-degenerate segments, it turns out that each of six gene families has an Xlinked gametolog in evolutionary strata 1, 2, or 4. Lahn and Page (1999b) found that during mammalian evolution, the X/Y chromosomal differentiation took place in a stepwise fashion; one stratum at a time. Stratum 1, covering almost the entire long arm of the human X chromosome, is the oldest among four or five strata, and the formation predated the divergence between Monotherians and Metatherians/Eutherians, 210 Mya (Lahn and Page 1999b; Skaletsky et al. 2003; Ross et al. 2005; Waters et al. 2005) . Stratum 2 occupies a rather small proximal region of the X short arm and was formed before Metatherians and Eutherians diverged, 180 Mya. On the other hand, stratum 4 was formed independently within individual Eutherian orders (Iwase et al. 2003) and in primates; it was deposited in the stem lineage of simian primates, >50 Mya. Stratum 1 harbors gametologous XKRX of XKRY, HSFX of HSFY, and RBMX of RBMY; stratum 2 harbors TSPX of TSPY; and stratum 4 harbors CDX of CDY and VCX of VCY. In addition to these X-linked copies, each of XKRY, CDY, DAZ, HSFY, RBMY, and TSPY has at least one autosomal copy in the human genome. On the other hand, the availability of orthologs varies among gene families, sometimes reflecting true presence or absence in the genome or in the databases. Table 2 lists the nine gene families with their gametologs, proposed origin hypotheses, and species for which we found orthologs of human Y ampliconic genes. The number of exons per gene is included to infer molecular mechanisms involved in the origins, although intronless genes such as XKRY1 and XKRY2 did not always result from retroposition, and conversely, introncontaining genes such as CDY1 originated via retroposition and subsequent acquisition of introns (Lahn and Page 1999a) . For the BPY2 family (Lahn and Page 1997) , there exist three nearly identical genes-BPY2B and BPY2C in palindrome P1 and BPY2 in a proximal region adjacent to palindrome P2. For the PRY family (Stouffs et al. 2001) , there exist paired PRY1 and PRY2 and their shorter versions of paired PRY3 and PRY4 in palindrome P3 and P4, respectively. Unfortunately, neither BPY2 nor PRY possesses any detectable X-linked or autosomal copy, and little is known Table 1 gives the accession numbers of the sequences of the seven ampliconic gene families and their Xlinked and autosomal gametologs, as well as their orthologs when they are used in the phylogenetic analysis. Figure 1 represents ampliconic structure in the human Y chromosome and the chromosomal locations of Y copies we use. Among the eight palindromes, P1 of 1.45-Mb arm length is the largest and harbors two pairs of XKRY, four pairs of CDY, and one pair of each of RBMY and DAZ in our data set. Similarly, the second largest P5 spans nearly 0.50 Mb in its arm length and harbors one pair of XKRY and three pairs of CDY. Inverted repeat 2 (IR2) encodes two pairs of RMBY, and the TSPY array encodes 12 copies.
Proto-X/Y origins
XKRY
We found eight XKRY copies, one X-linked XKRX, and one autosomal XKRYL in the human genome. The coding sequence of human XKRX shows a high degree of evolutionary conservation with some Eutherian orthologs being >80% similar at the DNA sequence level. The presence of XKRX raises the possibility that XKRY has an origin similar to that of genes in the X-degenerate class. Phylogenetic comparison of XKRY-related gametologous and orthologous sequences identifies three distinct clusters: Eutherian XKRX; a pair of human and chimpanzee XKRYL; and 10 intermingled human and chimpanzee XKRY genes and pseudogenes ( Fig. 2A) . It is clear that two monophyletic clusters of XKRX and XKRY/XKRYL differentiated from each other well before the Eutherian radiation and that later in simian primate evolution, XKRY and XKRYL began to evolve independently. The estimated extent of synonymous divergences (k XY ) between XKRX and XKRY is as large as 1.128 ‫ע‬ 0.236, in agreement with the values in stratum 1 reported by Lahn and Page (1999b) and . The putative coding region of XKRY starts in exon 4 of XKRX/XKRYL. The translated and 3Ј-untranslated regions of XKRY have sequence similarity to the corresponding regions of XKRX/XKRYL. Moreover, the 5Ј-flanking region of XKRY shows sequence similarity to exon 1 and part of intron 3 of XKRYL. All of these features support the notion that XKRY did not result from retroposition, but from a proto-X/Y gene pair.
A duplicated copy of XKRY was transposed to create autosomal XKRYL. Based on the extent of synonymous divergences (k YL = 0.120 ‫ע‬ 0.045) between XKRY and XKRYL, we date the transposition event as 41 ‫ע‬ 15 Mya (see Methods). At this point, proto-XKRY still had an exon and intron structure similar to XKRX (Table 2 ). Yet, there is one base-pair deletion specific to a pair of nearly identical XKRY1/2 copies, and this deletion creates a new initiation codon and new coding frame. It therefore appears that XKRY1/2 are functional, but the remaining six copies are nonfunctional and designated as XKRYP1-6 with suffix P (Figs. 1 and 2A).
VCY
We found two VCY and four X-linked VCX copies in the human genome. The presence of VCX in stratum 4 suggests that VCX and VCY evolved from a proto-X/Y gene pair in the X added region (XAR) (Graves 1995 (Graves , 2002 . The nucleotide differences between X-linked sequences in stratum 4 and the gametologous Y sequences are ∼10% per site on average (Lahn and Page 1999b; 
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Cold Spring Harbor Laboratory Press on November 2, 2017 -Published by genome.cshlp.org Downloaded from Iwase et al. 2003) . However, the observed synonymous and nonsynonymous differences between human VCX and VCY are merely 2.2% and 3.3% per site, respectively. These values are too small to be consistent with the expected extent of synonymous divergences for a proto-X/Y gene pair in stratum 4 (but see Skaletsky et al. 2003) .
Both VCX and VCY can also be found in chimpanzees, but other sequence data are available only for rhesus monkeys; two VCX genes and one fragmental copy. Despite this limited availability of VCY-related sequences, they show some interesting evolutionary features. First, chimpanzee VCX and VCY are more closely related to each other than they are to their orthologous genes in humans (Fig. 2B ), suggesting that chimpanzee VCY was recently converted by the gametolog and then amplified to generate seven nearly identical copies. Second, the average k XY value between rhesus monkey VCX and hominoid VCX and VCY is 0.189 ‫ע‬ 0.048. This extent is too large to be expected from the silent substitution rate (Ebersberger et al. 2002) and the 30-Myr divergence between hominoids and Old World monkeys (OWMs) (Martin 1993; Takahata 2001 ; but see also Kumar and Hedges 1998) . However, the observed k XY value is very similar to that for STS adjacent to VCX in stratum 4 . It is therefore likely that the differentiation between rhesus monkey VCX and the ancestral lineage of hominoid VCX and VCY predated the species divergence, owing to the earlier differentiation between gametologous VCX and VCY. Consistent with this proto-X/Y origin model, Lahn and Page (2000) and Fukami et al. (2000) detected both VCX and VCY in simian primates by low-stringency hybridization.
HSFY
In addition to two functional HSFY and several pseudogenes, we found one Xlinked HSFX and one autosomal (HSFYL) copy in the human genome. Here we used only two pseudogenes in our analysis because inclusion of all of the pseudogenes would have prevented us from comparing HSFY with HSFX and HFSYL, owing to mutually exclusive gaps among these genes. Figure 2C shows that a proto-X/Y gene pair of HSFX and HSFY existed in the original mammalian sex chromosomes and differentiated from each other well before the Eutherian radiation. This is consistent with the location of HSFX in stratum 1 and the k XY value of 0.992 ‫ע‬ 0.294 between HSFX and HSFY. Tessari et al. (2004) proposed that HSFY arose via retroposition of HSFYL, whereas we demonstrate that the reverse happened. That is, intronless HSFYL arose via retroposition of HSFY with two exons. Conversely, if HSFY arose via retroposition of HSFYL, it becomes difficult to account for the presence of HSFY in mice and rats. Actually, the k YL value of 0.058 ‫ע‬ 0.039 between HSFY1/2 and intronless HSFYL indicates that the retroposition of HSFY occurred as recently as 20 ‫ע‬ 13 Mya. Prior to this retroposition, HSFY began to amplify, producing at least three distinct pseudogene lineages in humans. In the linearized tree (Takezaki et al. 1995) , the height (h) of nodes Y0 and Y1 leading to the three distinct HSFY lineages is estimated as 0.073 ‫ע‬ 0.011 and 0.055 ‫ע‬ 0.009, respectively (see Methods). Thus, these gene lineages diverged 34-46 Mya in the stem lineage of Catarrhini (hominoids and OWMs).
RBMY and TSPY
As mentioned earlier, RBMY and TSPY possess their X-linked gametologs and multiple Y-linked copies in ampliconic seg- ments. Here we confirm their proto-X/Y origins and examine the k XY value between X and Y copies. In the next section, we examine these gene families with respect to their Y-chromosomal locations in P1, P3, and IR2 as well as in the TSPY array.
The RBMY family consists of six subfamilies (RMBY1-6) of ∼30 genes and pseudogenes on both arms of the Y chromosome and exhibits sequence similarity with Xlinked functional RBMX and intronless RBMX2 as well as autosomal intronless RBMXL. Sequence similarity between RBMY subfamilies is as low as 60% even at the amino acid level, and some sequences in different subfamilies are difficult to align. For this reason, we used only RBMY1 and RBMY2 subfamilies. The phylogenetic analysis indicates an early dichotomous occurrence of mammalian RBMX and RBMY (Fig. 3A) . It is also clear that the X and Y differentiation predated the emergence of Metatherians (Delbridge et al. 1999 ) such that RBMY in Macropus eugenii and Sminthopsis macroura is orthologous to Eutherian RBMY. The k XY value between RBMX and RBMY is 0.681 ‫ע‬ 0.077. It is smaller than the value given in Skaletsky et al. (2003) . However, the previous report included an autosomal sequence (accession no. Z23064). Without this autosomal sequence, the estimated value becomes somewhat small, compared with that for XKRY and HSFY in stratum 1.
TSPY is the first gene that was isolated from any Y chromosome (Arnemann et al. 1987 ) and was subsequently found in primates (Manz et al. 1993) , artiodactyls (Jakubiczka et al. 1993) , and rodents (Mazeyrat and Mitchell 1998) . There are ∼35 copies in the TSPY array , several autosomal copies (TSPYL), and one X-linked copy (TSPX previously designated as TSPYL2) under X inactivation (Delbridge et al. 2004 ). We examined 14 TSPY copies from humans together with TSPY, TSPX, and TSPYL orthologs from Eutherians. Although there is no obvious outgroup sequence in this data set, there exist two distinct clusters of TSPY and TSPX/TSPYL, and this dichotomy is consistent with the ancient origin hypothesis of X and Y copies (Fig. 3B) . The k XY value between TSPX and TSPY is 0.667 ‫ע‬ 0.103 (Table 3) , as expected in stratum 2. In the stem lineage of Eutherians, intronless TSPYL was retroposed and duplicated such that various TSPYL genes exhibit multiple orthologous relationships among Eutherians. It is TSPX rather than TSPY that was retroposed so as to generate autosomal TSPYL1, 3, 4, 5, and 6 (Fig. 3B) .
Ages of amplified copies and ampliconic structure
For a given gene family, there is a striking pattern in sequence similarity among copies within and between palindromes. All pairs of copies at symmetric arm positions within a palindrome are identical or nearly so ). However, not only may copies located between different palindromes be significantly different, but also different pairs within a palindrome may differ greatly. Two pairs of XKRYP3/P6 and XKRYP4/P5 within P1 differ from each other by nearly the same amount that they differ from XKRYP1/P2 in P4 and XKRY1/2 in P5 (Figs. 1 and  2A) . The height of node Y0 (0.059 ‫ע‬ 0.010) in the linearized tree (Table 3) suggests that XKRYP1/P2 in P4, XKRY1/2 in P5, and two distinct pairs of XKRYP3/P6 and XKRYP4/P6 in P1 all diverged from one another 37 ‫ע‬ 6 Mya.
More informative and perplexing than the XKRY family is the CDY family. The CDY copies are scattered over different palindromes similar to XKRY, although more densely (Fig. 1) . Consistent with the early retroposition of CDY (Dorus et al. 2003) , we date the differentiation from CDYL as 159 ‫ע‬ 13 Mya ( Fig. 4 ; Table 3 ). Subsequently in the primate lineage, the family expanded mostly in P1, P3, and P5. Four pairs of CDY1A/1B, CDYP9/P14, CDYP10/P13, and CDYP11/P12 in P1 are substantially different from each other, and so are three pairs of CDY2A/ 2B, CDYP2/P5, and CDYP3/P4 in P5. In terms of node heights in the linearized tree, CDY1A/1B and CDYP10/P13 differ from each other by 0.048 ‫ע‬ 0.009, these four differ from CDYP11/P12 by 0.058 ‫ע‬ 0.010, and these six differ from the most distinct CDYP9/P14 by 0.139 ‫ע‬ 0.015. We can find almost the same extent of sequence divergences among CDY copies in P5. Thus, the earliest divergence of CDY copies within P1 or P5 goes back to >80 Mya, and the latest is as old as 30 Myr.
RBMY and TSPY also provide useful information about the age of IR2 and the TSPY array, respectively (Fig. 1) . The height of node Y0 between RBMY2C/2D in P1 and six nearly identical RBMY1 copies in P3 and IR2 is 0.069 ‫ע‬ 0.008 (Table 3 ). The two subfamilies thus diverged 43 ‫ע‬ 5 Mya. TSPY underwent massive duplication independently in individual Eutherians, and some of 14 human TSPY copies exhibit ancient duplication. There exist distinct TSPY2 and TSPY13 within the TSPY array, as well as TSPY14 located between P3 and IR2. The height of node Y0 leading to the most distinct TSPY13 is 0.091 ‫ע‬ 0.009 (57 ‫ע‬ 6 Myr), and that of node Y1 and Y2 is 0.056 ‫ע‬ 0.007 (35 ‫ע‬ 4 Myr).
In short, major expansions of the gene families mentioned above occurred in the stem lineage of Catarrhini, 30-50 Mya. 
Origins of human ampliconic genes
Genome Research 445
Cold Spring Harbor Laboratory Press on November 2, 2017 -Published by genome.cshlp.org Downloaded from
However, different palindromes and inverted repeats contain nearly identical copies as well. Like four DAZ genes in P1 and P2, mutually distinct CDY1A/1B and CDYP11/P12 pairs in P1 are closely related to mutually distinct CDY2A/2B and CDYP3/P4 pairs in P5, respectively (Figs. 1 and 4) . Also, CDYP7/P8 in P3 show high sequence similarity to CDYP9/P14 in P1, and RBMY1F/ 1J in P3 are nearly identical to four other RBMY1 copies in IR2. If such high sequence similarity is restricted to genetic loci, transposition or retroposition of genes is likely involved. A dot-plot analysis between P3 and IR2 indicates that sequence similarity is restricted to RBMY1 loci (data not shown). Since these RBMY1 copies show the same exon-intron structure, they are apparently related via recent duplicated transposition of genes. However, this is not the case for DAZ and CDY. Indeed, Kuroda-Kawaguchi et al. (2001) demonstrated that P1 shares distinct amplicons (massive repeat units) with P2 and P3, and proposed a model of Alu-mediated tandem duplication and subsequent inversion for the P1 mosaicism.
After carrying out a dot-plot analysis, we aligned homologous sequences among palindromes, to show more precisely how and to what extent P1 is related to P2, P3, and P5, as well as P3 to P4 (Fig. 5) . Several features are noteworthy. Above all, four amplicons in P1, which are nicknamed as red, green, yellow, and blue in Kuroda-Kawaguchi et al. (2001) , are evolutionarily related to those in other palindromes. The red and green P1 amplicons are the same as the entire P2 region and a proximal, nonpalindromic region adjacent to P2, respectively (Kuroda-Kawaguchi et al. (2001) . Using the aligned sequences over the red and green amplicons, we measured the per-site nucleotide differences (P) in non-overlapping windows of size 10 kb each. Except for a small DAZ encoding region in which P = 1% ∼ 3%, the value is as low as ∼0.1%. We can also find such a low P-value between a 170-kb blue P1 ampliconic unit and the corresponding region in P3. The blue P1 amplicon contains another 40-kb inverted region of P3 with P = 13% ∼ 15%. Moreover, P3 and P4 share an ampliconic unit with P = 13% ∼ 15%. The relationship of the yellow P1 amplicon to P5 is more complicated than that of the blue P1 amplicon. For convenience, the yellow P1 amplicon is divided into three units. Of these, one 200-kb unit (a thick black line in Fig. 5 ) has 92%-94% similarity to a 60-kb region of Chromosome 15 and ∼80% similarity to 140-kb regions in some other chromosomes, but it does not have any homology with P5. Another 100-kb unit shows high similarity (P = 1% ∼ 3%), and the remaining 460-kb unit is a tandem duplication of a 280-kb region of P5 (P = 13% ∼ 15%). Thus, sequence similarity among ampliconic genes is a reflection of the P1 mosaicism with respect to P2, P3, P4, and P5.
Discussion
Out of seven families in human Y amplicons, we showed that five were derived from proto-X/Y gene pairs. The extent of synonymous divergences of these ampliconic genes from their X-linked gametologs differs greatly, depending on the latter chromosomal locations (Table 3) . When an X-linked gametolog is located in stratum 1 (XKRX, HSFX, and RBMX), stratum 2 (TSPX), and stratum 4 (VCX), the differentiation between X and Y copies occurred more than 210, 180, and 50 Mya, respectively. Thus, the proto-X/Y-derived genes in the ampliconic class of euchromatic sequences began to differentiate at the same time as those in the X-degenerate class, and both classes are relics of ancient autosomes . However, these two classes of sequences and genes encoded therein were subjected to different fates. For instance, AMELY (Iwase et al. 2003) and VCY derived in XAR exemplify the difference: Whereas AMELY remains a single, housekeeping copy, VCY was duplicated so as to produce an identical pair in P8 and a testis-specific function. Incidentally, the presence of proto-X/Y-derived VCY in P8 implies per Ockham's razor that this palindrome cannot be older than the age of stratum 4, >50 Mya. Transposition and retroposition of autosomal genes were once regarded as major mechanisms for generating ampliconic genes, but they actually contributed to generation of the DAZ and CDY gene families only. As discussed by Saxena et al. (1996 Saxena et al. ( , 2000 , Agulnik et al. (1998), and Gromoll et al. (1999) , a complete copy of autosomal DAZL was transposed on the Y chromosome in the stem lineage of Catarrhini, and the whole introncontaining transcript unit of this newly transposed gene (DAZ) was tetraplicated in P1 and P2. High sequence similarity between DAZ1/2 in P2 and DAZ3/4 in P1 (Fig. 5) indicate the hominoid or hominid-specific duplication or conversion between P1 and P2.
Likewise, the retroposition origin is unique to CDY Page 1997, 1999a; Dorus et al. 2003) . However, the presence of intron-containing CDX, annotated as a pseudogene in NCBI (Build 36.1), is enigmatic. Sequence similarity between the 5Ј portion of CDX and mature CDYL transcripts suggests that CDX arose via duplicated transposition of CDYL (Fig. 4) . If the transposition occurred after the formation of stratum 4, CDX is likely to be specific to the X chromosome. In the opposite situation, the transposition could generate an intron-containing CDY copy, as the sex chromosomal differentiation proceeded in stratum 4. In either case, retroposition and transposition of autosomal genes played relatively minor roles in originating ampliconic genes. However, the reverse process occurred more frequently. Transposition of XKRY produced XKRYL, and retroposition of HSFY, RBMX, and TSPX produced HSFYL, RBMXL, and TSPYL (more logically designated as TSPXL), respectively. Since the latter three genes are highly expressed in germ-cell lines, transcripts have ample opportunity to be retroposed and integrated into the genome (Zhang and Gerstein 2004; Cheng et al. 2005) .
Unlike the X-degenerate segments, the ampliconic segments underwent massive amplifications during primate evolution. We Figure 5 . Sequence similarity of P1 against P2, P3, P4, and P5. The yellow amplicon in Kuroda-Kawaguchi et al. (2001) is divided into two: black, which has homology with autosomes, and yellow, which contains tandem duplication of a P5 ampliconic unit. Each thick line represents both arms in a palindrome, and a thin green line adjacent to P2 is nonpalindromic. Three nearly identical BYP2 copies are located in the green ampliconic unit, and two distinct pairs of PRY copies are located in a blue ampliconic unit shared by P3 and P4. In non-overlapping windows of each size 10 kb, the nucleotide differences per site (P) between P1 and other palindromic amplicons are given above P1 and below P4. Note that the P-value (ordinate) is represented in common logarithms.
showed that most distinct copies in XKRY, HSFY, RBMY, TSPY, and CDY families were established in the stem lineage of Catarrhini. There are two notable features in the pattern and degree of sequence identity among those copies. First, within a palindrome, we can always find two nearly identical copies of a given gene family at symmetric arm positions , yet copies at different arm positions are substantially different from each other. Palindrome P1 harbors two such paired XKRY and four such paired CDY copies in our data set. The estimated ages of these paired copies are similar and older than 30 Myr irrespective of gene families. Palindrome P5 harbors three such paired CDY. Again, these paired copies in P5 are as distinct as those in P1. Second, there are paired copies that are identical or nearly so even when they are located in different palindromes P1, P2, P3, P5, and/or IR2 (Figs. 3 and 4) . Such high sequence similarity among copies compelled us to extend our analyses. As mentioned, the previous dot-plot analysis for P1, P2, and P3 indicated the elaborate mosaicism of P1 (Kuroda-Kawaguchi et al. 2001) . We further found that (1) P1 and P3 are also related to P5 and P4, respectively; (2) some P1 amplicons are reticulately related to other palindromes via small shared ampliconic units; and (3) sequence similarity among gene copies is well correlated with that among those ampliconic units (Fig. 5) .
The mosaicism of P1 is so extensive that >80% of P1 is related directly to P2, P3, and P5 and indirectly to P4. The observed P-values (per-site nucleotide differences) indicate three distinct levels of evolutionary relatedness of ampliconic units between different palindromes; the lowest level of P < 0.1% in the red, green, and blue amplicons, the middle level of P = 1% ∼ 3% in the red and yellow amplicons, and the highest level of P = 13% ∼ 15% in the yellow and blue amplicons. The yellow amplicon in P1 also contains a black ampliconic unit (Fig. 5 ) that is totally unrelated to any other palindrome in the Y chromosome. Rather, a subregion of the black ampliconic unit encoding transcription units CSPG4LY and GOLGA2LY (Kuroda-Kawaguchi et al. 2001; Skaletsky et al. 2003 ) is closely related to a region in chromosome 15 (P < 5%), whereas the remaining subregions show the P-values of ∼20% with various chromosomes. It is conceivable that P1 originally consisted of a small region and then repeatedly acquired other ampliconic units in P2, P3, P5, and autosomes or that P1 simply exchanged ampliconic sequences without substantial expansion in its size. In either case, the extent of sequence differences in Figure 5 dates the earliest sequence acquisition or exchange as ∼50 Mya in the stem lineage of Catarrhini, the second as 3-9 Mya in the hominid or hominoid lineage, and the latest as <0.3 Mya in modern humans. Rozen et al. (2003) reported the presence of P1 in chimpanzees and bonobos. However, since they examined two inner and outer boundaries of a palindrome, the internal palindromic structure is not known in these and other apes. It is extremely unlikely that these relatives possess the same red and green P1 ampliconic structure as humans do. Also, it is questionable if the yellow and blue P1 amplicons in chimpanzees are the same as those in humans.
In conclusion, owing to extensive sequence transfers of ampliconic units, the age of a palindrome differs from region to region. Nonetheless, the age of an ampliconic unit is well correlated with the age of genes encoded therein. Undoubtedly, like genes, major ampliconic units must have been established in the stem lineage of Catarrhini. While these repeat units have since evolved en bloc, palindromes have been extensively modified by acquisition and/or exchange of repeat units in other palindromes. It would be surprising if such modifications in ampliconic gene contents and structures had nothing to do with changes in spematogenesis or sperm production in the lineage leading from the Catarrhini ancestor to modern humans. Indeed, the AZFc (azoospermia factor c) region, whose deletion is known as the most common cause of spermatogenetic failure in humans, largely consists of P1 and P2 (Kuroda-Kawaguchi et al. 2001) . Our finding that P2 is quantitatively similar to and qualitatively redundant to P1 may imply that evolution of P1 has played critical roles in developing human-specific spermatogenesis.
Methods
Our analysis is based on DNA sequence data in the NCBI genome database as of July 31, 2006. We retrieved DNA sequences of the nine ampliconic genes and related pseudogenes from the human genome database. At the same time, we located them in the Y chromosome based on information about locus positions in contigs as well as results of DOTTER and Map Viewer after BLASTN. We also used DOTTER to examine sequence similarity between different amplicons. The current chromosomal locations of the ampliconic genes in the NCBI Master Map appear slightly different from the initial proposal by Skaletsky et al. (2003) . Using BLASTN and GENE, we searched for X-linked and autosomal copies for a given gene family. Some genes homologous to human ampliconic genes can be found even in fish. However, we did not use distantly related orthologs in our analysis because the origin of the primate Y chromosome surely postdated the divergence between mammals and birds.
To designate an ortholog in figures, we use a four-letter prefix to identify the genus and species names. For example, XKRY in humans (Homo sapiens) and chimpanzees (Pan troglodytes) is designated as HosaXKRY and PatrXKRY, respectively. Autosomal genes and pseudogenes are indicated by addition of the suffix L or P, respectively. When there are multiple human Y-linked pseudogenes in a given gene family, those without official names are numbered from the short arm end of the Y ( Fig. 1 ; see also Kuroda-Kawaguchi et al. 2001) . The sequence alignments are given in Supplemental Figure 1 .
For phylogenetic analyses, we use the coding regions only to minimize misalignments among distantly related and rapidly evolving Y-linked sequences. However, some genes, such as DAZ, contain repeated exons or tandem repeats that underwent extensive expansions and contractions. We exclude such repeats, as our main purpose is to comprehend the evolutionary relationships among Y-linked, X-linked, and autosomal copies when they are present. We use the NJ method by Saitou and Nei (1987) to determine the topology as well as the method by Takezaki et al. (1995) to determine the height (h) of a specified node in the linearized tree. However, regarding node XY at which X and Y gametologs differentiate, we cannot use the linearized tree method because these gametologs apparently evolved with different rates. We apply the same caution to node YL at which Y-linked and autosomal copies differentiate via transposition or retroposition. We simply compute the sequence divergences per synonymous site (k XY or k YL ) after multiple-hit corrections (Jukes and Cantor 1969; Kimura 1980) . To date, for XY, YL, or other nodes in Figures 2 and 3 , we use the silent nucleotide substitution rate per site per year of r L = 1.0 ‫ן‬ 10 ‫9מ‬ for the autosomes, r X = 0.83 ‫ן‬ 10 ‫9מ‬ for the X chromosome, and r Y = 1.6 ‫ן‬ 10 ‫9מ‬ for the Y chromosome (Ebersberger et al. 2002) . These are estimated by the 1.2%, 1.0%, and 1.9% sequence divergences between the human and chimpanzee chromosomes, respectively, and the as-
